ORIGINAL ARTICLE PURPOSE We aimed to compare the intra-and interoperator variability of lobar volumetry and emphysema scores obtained by semi-automated and manual segmentation techniques in lung emphysema patients.
MATERIALS AND METHODS
In two sessions held three months apart, two operators performed lobar volumetry of unenhanced chest computed tomography examinations of 47 consecutive patients with chronic obstructive pulmonary disease and lung emphysema. Both operators used the manual and semi-automated segmentation techniques. The intra-and interoperator variability of the volumes and emphysema scores obtained by semi-automated segmentation was compared with the variability obtained by manual segmentation of the five pulmonary lobes.
RESULTS
The intra-and interoperator variability of the lobar volumes decreased when using semi-automated lobe segmentation (coefficients of repeatability for the first operator: right upper lobe, 147 vs. 96.3; right middle lobe, 137.7 vs. 73. 4 6 ). The coefficients of repeatability and reproducibility of emphysema scores also decreased when using semi-automated segmentation and had ranges that varied depending on the target lobe and selected threshold of emphysema. CONCLUSION Semi-automated segmentation reduces the intra-and interoperator variability of lobar volumetry and provides a more objective tool than manual technique for quantifying lung volumes and severity of emphysema.
C
hronic obstructive pulmonary disease (COPD) and emphysema are important causes of morbidity and mortality in smokers (1) . In patients with COPD and extensive emphysema, the lungs globally overinflate and permanently lose their elastic recoil, which contributes to limiting expiratory airflow. In a subgroup of patients who present heterogeneously distributed emphysema at computed tomography (CT), surgical or bronchoscopic treatments may reduce the volume of overinflated lungs, thereby improving the ventilation of the adjacent non emphysematous regions (2, 3) .
Quantitative CT methods that measure lobar volumes and density play a key role in defining the regional distribution and severity of emphysema and in determining the target lobe to treat with lung volume reduction (2, 3) . CT lobar volumetry also provides a noninvasive method for monitoring the effects of volume-reduction treatments and assessing the functional improvement of the non emphysematous lung (4). In both the preoperative assessment and postoperative monitoring of patients with severe emphysema, the reliability of CT lobar volumetry and emphysema scoring is crucial (2-6). Quantitative CT techniques for emphysema scoring are objective and therefore preferable to visual analysis (7) . Recent studies have also demonstrated that CT lobar volumetry has good inter scan reproducibility (8) (9) (10) . Among the different sources of variability of CT lung volumetry and emphysema scoring, those depending on the method used for lobar segmentation have received little attention (5) .
Segmentation is defined as the procedure of partitioning an image into constituent regions (11) . To measure the lobar volumes, an image-based segmentation procedure preliminarily identifies the pulmonary lobes (12) . The anatomic landmark between two lobes is the pulmonary fissure. Unfortunately, the fissure may have different shapes and variants, be anatomically incomplete, and overall appear ill-defined on CT (13) . When the interlobar boundary is unclear, the segmentation of the pulmonary lobes becomes cumbersome (12) . Potential segmentation errors at the interlobar boundary shift parenchymal volume between the lobes. If the segmentation error extends over the entire interlobar boundary, the miscategorized volume can alter the proportions among the measured lobar volumes. Repeated segmentations also indicate that the variability of the measured lobar volumes increases when the interlobar landmark is uncertain (10) . Particularly in diseased lungs, where pathologic changes deform the fissures, the accuracy of the segmentation is critical for correctly measuring the lobar volumes (12) .
The segmentation technique that provides the standard of reference for the lobar volumetry, for validating other emerging segmentation methods, uses manually traced contours to separate the pulmonary lobes (11, 14, 15) . The manual technique allows to correct segmentation errors interactively and revise the volumetric models of the lobes until they are properly defined. However, when applied recursively to a whole chest multidetector CT (MDCT) dataset containing hundreds of images, the manual segmentation is time-consuming and overall clinically impractical (11) . In this setting, the manual technique is subject to substantial error sources, which yield variability in the lobar volumes (10) . Conversely, computer-based techniques that use mathematical algorithms such as thresholding, pattern recognition, and deformable models facilitate the segmentation (11) . The automated segmentation, however, does not fully adapt to the various anatomic shapes and pathologic changes of the lobes, which may result in inconsistent lobar volumetry (11) . A semi-automated technique that combines the advantages of computer-aided segmentation and the possibility of manual refinements has recently emerged as an alternative to both techniques (12) . The clinical feasibility of semi-automated lobar segmentation has been demonstrated in a large patient series (16) .
The variability of the lobar volumes derived from the semi-automated segmentation technique is currently unknown. Moreover, it is not clear whether in pathologic lungs, such as in emphysema patients, a semi-automated or manual segmentation technique should be used to ensure precise measurements of the lobar volumes and CT densities. We hypothesized that the semi-automated segmentation might reduce the intra-and interoperator variability of the lobar volumetry.
Therefore, the objective of our study was to evaluate the intra-and interoperator variability of lobar volumetry obtained by semi-automated segmentation with the variability of volumetry obtained using the manual approach in patients with lung emphysema.
Materials and methods
This retrospective study was performed in 2009 after receiving approval from the institutional review board. Informed consent was waived. Forty-seven unselected consecutive patients who had been classified according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria into stages I-IV and had undergone unenhanced chest CT for clinical evaluation were included in the study (Table 1) . Two thoracic radiologists with ten years of experience in chest imaging (F.M. and N.S.) reviewed the 47 CT examinations of this study cohort. All of the CT examinations (LightSpeed Pro 16, GE Healthcare, Milwaukee, Wisconsin, USA) were obtained with a standardized imaging protocol that included a full-inspiration breath-hold helical scan from the apex to base of the lungs with 16×1.25 mm collimation, 1.375:1 pitch, 120 kVp, modulated dose according to the size and anatomic shape of the patient, 0.5 s rotation time, 40-44 cm FOV, 512×512 matrix size, and reconstruction of axial images at 1.25/1.25 mm of thickness/interval with a high spatial-frequency algorithm. All of the chest CT scans were preliminarily evaluated for the presence of lobar anatomy variants.
Intra-and interoperator variability study
Two residents (F.D., G.K.P.) with one year of experience in thoracic radiology were preliminarily trained for three months on the manual and semi-automated segmentation techniques and lobar volumetry, using chest CT scans unrelated to this study. After the three months dedicated to training, the same two operators started to analyze the CT scans of this study (one CT scan per patient). In a first run, both operators analyzed independently all of the 47 CT examinations, using both manual and semi-automated segmentations, as described below. At the end of the first run, the two operators suspended their analyses for three months. This interval of inactivity was selected according to previous clinical studies of lung volume reduction (17) . After three months, the same two operators re-evaluated the same 47 CT examinations in a second run, using both segmentation procedures. In the two runs, both segmentation methods produced three-dimensional models of the lungs and lobes. The volumetry of these models was performed. The intra-and interoperator variability of pulmonary volumes and emphysema scores were calculated. The variability of volumes and emphysema scores obtained by semi-automated segmentation were compared with those obtained by manual segmentation.
Lung segmentation and volumetry
Manual segmentation All of the CT examinations were analyzed on a clinical workstation using commercial software (Voxtool 6.7, GE Healthcare). The images were displayed on the orthogonal planes. Bone and soft tissues were excluded with a density mask of -1024/-200 Hounsfield unit (HU). The trachea, main bronchi, esophagus, and bowel were excluded by manual editing. The lungs were also separated manually. To separate the lobes, each lung was displayed on the sagittal plane ( Fig. 1) . From the lateral to the medial aspect of the lung, all voxels outside the lower lobe were selected in a manually drawn region of interest and deleted. The remaining voxels of the lower lobe were saved as a three-dimensional model and subtracted from the native model of the lung. On the left side, this produced the model of the upper lobe. The right upper and middle lobes were separated by performing an additional segmentation with the same method. Manual segmentation required approximately 60 min per case.
Semi-automated segmentation
All of the CT examinations were also analyzed on a personal computer using research software (MeVisPULMO 3D ® 3.071, Fraunhofer MEVIS, Bremen, Germany). The software excluded automatically bone and soft tissues using a density mask of -1024/-200 HU, separated the lungs from the tracheo-bronchial tree and other non pulmonary structures, and segmented the lobes (12) . The lobes were identified using lung vessels as anatomic landmarks. Up to this point, the procedure was fully automated. Then, the correspondence between the lobes represented by CT and the superimposed color-coded areas that schematically identified them was reviewed. The operator reassigned the miscategorized areas of the lung using lobe-specific seeds. A representative case of this manual adjustment is shown in Fig. 2 . The segmentation was reviewed until the lobes were correctly identified. Semi-automated segmentation required approximately 20 min per case, including the time for loading the CT images, the automated processing and revision of proposed segmentation with the manual refinements.
Lung volumetry
Both software programs automatically computed lung volumes by summing the volumes of voxels included in each anatomic model. The emphysema scores were determined as the percentage of segmented voxels having attenuation lower than eight thresholds ranging from -970 to -900 HU, in 10 HU increments, including thresholds validated by previous studies (18) (19) (20) .
Statistical analysis
The intra-and interoperator variability of data obtained by manual and semi-automated segmentation was assessed with Bland-Altman analysis (21, 22) . The coefficient of repeatability and the coefficient of reproducibility, representing 1.96 times the standard deviation of the differences between two sets of measurements, were calculated from the intraoperator (1 and 2) and inter-operator analyses, respectively (23) . The variability of the volumes and emphysema scores obtained by semi-automated segmentation was compared with the variability of the volumes and scores obtained by manual segmentation using the Maloney-Rastogi method (24) . Holm-Bonferroni correction was applied for multiple comparisons. Corrected P values < 0.05 indicated statistically significant differences.
Results
The
Variability of global and single lung volumes
In the intraoperator analyses, the coefficients of repeatability of volumes obtained by manual segmentation of the global, right, and left lungs were 65 mL, 40.9 mL, 25.1 mL for the first operator and 16.7 mL, 9.5 mL, 9.6 mL for the second operator, respectively. In the interoperator analysis, the coefficients of reproducibility of volumes obtained by manual segmentation of global, right, and left lungs were 81.9 mL, 49.9 mL, and 38.3 mL, respectively. Lung segmentation performed with the research software in fully automated mode yielded no variability for global, right, and left lung volumes.
Variability of lobar volumes
In the intraoperator analyses, the coefficients of repeatability of lobar volumes calculated by semi-automated lobe segmentation were lower than those from manual segmentation (first operator in Fig. 3 , second operator in Fig. 4) . In the interoperator analysis, the coefficients of reproducibility of lobar volumes calculated by semi-automated lobe segmentation were also lower than those from manual segmentation (Fig. 5) .
Variability of emphysema scores of global and single lungs
In the intraoperator analyses, the coefficients of repeatability of the emphysema scores obtained at different thresholds by manual segmentation of global and single lungs were in the range of 0.06%-2.29% for the first operator and 0.07%-1.75% for the second operator, respectively. In the interoperator analysis, the coefficient of reproducibility of emphysema scores obtained at different thresholds by manual segmentation of global and single lungs was in the range of 0.13%-2.27%. As for the volume, lung segmentation performed with the research software in fully automated mode yielded no variability of emphysema scores for global, right, and left lungs. Table 2 summarizes the ranges of coefficients of repeatability and of reproducibility of the emphysema scores computed at different thresholds for the pulmonary lobes. In the intraoperator analysis of the first operator, the difference between the coefficients of repeatability obtained by manual and semi-automated lobe segmentation for the middle lobe was significant at the thresholds of -930 and -970 HU (P < 0.001 and P = 0.002, respectively) and not significant for other thresholds. In the intraoperator analysis of the second operator, the difference between the coefficients of repeatability obtained by manual and semi-automated segmentation was not significant for the right upper lobe at the threshold of -940 HU and -960 HU (P = 0.31 and P = 0.073, respectively). In the interoperator analysis, the difference between the coef- 
Variability of emphysema scores of the lobes
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P < 0.001 P = 0.01 P < 0.001 P < 0.001 ficients of reproducibility obtained by manual and semi-automated segmentation was not significant for the right middle lobe at the threshold of -900 HU and for the left lower lobe at the threshold of -970 HU (P = 0.091 and P = 0.071, respectively). In all other analyses, the coefficients of repeatability and reproducibility of the emphysema scores decreased significantly when lobar volumetry was performed by semi-automated segmentation.
Discussion
In this study, we demonstrated that semi-automated segmentation reduces the intra-and interoperator variability of lobar volumetry in lung emphysema. Indeed, the coefficients of repeatability and of reproducibility of lobar volumes and emphysema scores calculated by the semi-automated segmentation were lower than those of the manual method. Using the semi-automated segmentation technique, the interoperator variability of the lobar volumes and emphysema scores ranged from ±68.7 to ±126.5 mL and from ±0.61% to 4.30%, respectively, depending on the target lobe and selected threshold of emphysema.
Surgical or bronchoscopic lung volume reduction is a therapeutic option for patients with advanced emphysema (3). When emphysema affects more than 50% of the volume of one lobe and relatively spares adjacent ipsilateral lobes, the patient can benefit from bronchoscopic lung volume reduction (3). CT quantifies the severity and distribution of the disease and monitors the effects of treatment (3, 4) . However, the intrinsic variability of CT measures of lobar volumes and emphysema scores can potentially influence the therapeutic management of these patients (5) . We analyzed the intra-and interoperator variability of lobar volumes and emphysema scores in a group of COPD patients with emphysema that had been investigated with CT in a clinical setting. The retrospective method of the study was supported by previous investigation (25) . All of the chest CT examinations were technically identical and presented no signs of anatomic variants that could prevent or influence lung segmentation and volumetry.
A preliminary step for quantitative CT analysis of lung volume and attenuation is to select an anatomic target by image segmentation (12, 26) . Manual segmentation of voxels representing an organ or tissue of interest is a time-consuming procedure. However, the manual technique is still the standard reference for validating new emerging and more advanced computer-based segmentation algorithms (12, 15, 26) . We compared the variability of this manual approach to that of a software-based algorithm, which automatically separates the pulmonary 
Coefficient of Reproducibility (mL)
P < 0.001 P < 0.001 P < 0.02 P < 0.001 P < 0.001 lobes using lung vessels as anatomic landmarks and requires interactive modifications for segmentation errors. The manual method was performed on a clinically approved software platform. The semi-automated software method was previously validated (27) . Both methods used the same density thresholds (-1024/-200 HU) for preprocessing of image data that aimed to separate the lungs from bone and soft-tissues.
As lung vessels are altered in advanced emphysema (28) , we reviewed all segmentations performed by the software-based automated approach. The operators refined the segmented lobes by creating seed points on the vascular markings. The lung territory depending on those vessels was automatically re-assigned to the correct lobe. This human interaction was sufficient to consider variability in the measurements of lobar volumes and emphysema scores. Both parameters were calculated with the same procedure using both manual and semi-automated methods. The emphysema scores, which indicated the severity of the disease in each anatomic target (3), were calculated at multiple thresholds in a range that included thresholds validated by previous studies (18) . The range of variability of the scores imposed by using multiple thresholds was assessed. Manual removal of trachea, main bronchi, and other nonpulmonary structures determined the variability of the global and single lung volumes. Automated segmentation produced no variability for these anatomic targets. For the lobar volumes, variability due to manual segmentation has been reported previously (10). In our study, semi-automated segmentation reduced this variability in both intra-and interoperator analyses. The semi-automated method was particularly beneficial in reducing the variability of lobar volumes calculated by the first operator, whose results with the manual approach appeared more variable than those of the second operator.
In all analyses, the left upper and lower lobes had almost identical variability. Those lobes share the same source of variability, which is the delineation of one fissure as boundary for two lobes. On the right side, the lower lobe presented lower volume variability compared to the upper and middle lobes. Again, the variability for the right lower lobe depends on the segmentation along one fissure (the major one). The right upper and middle lobes share an additional source of variability, which is the segmentation on the other fissure (the minor one). This may partly explain the nonsignificant difference between the variability of the volumes of the right upper and middle lobes between the manual and semi-automated methods, respectively, for the second operator (Fig. 4) . Those differences might be nonsignificant either because the second operator produced low variability of lobar volumes manually or because the semi-automated approach with segmentation involving two fissures did not sufficiently reduce the variability of those volumes. A trend of high variability was also noted for the right middle lobe in the interoperator analysis. As reported previously, the smaller absolute volume of the right middle lobe leads to considerable relative differences, which are also expected because the minor fissure is typically less pronounced and therefore more difficult to delineate (10) .
As for the lung volumes, the automated method completely removed variability of emphysema scores calculated at different thresholds for the global and single lungs. In all lobar analyses, the semi-automated method reduced the variability of the emphysema scores. At some density thresholds, the differences of variability of emphysema scores were not significant, and no relationship could be established with the corresponding differences of variability of lobar volumes. However, the variability of emphysema scores is not completely dependent on the variability of total volume. The repeated segmentation of a pulmonary lobe may produce identical volumes but different density histograms, depending on the voxels included in the segmentation. As a fraction of the total volume calculated in a fixed density range, the emphysema score has variability that depends on the variability of the total volume and the variability of the histogram shape.
Other studies have recently investigated the variability of lobar volumetry. Brown et al. (8) evaluated the variability of volume estimates between two CT examinations performed at baseline and after an interval of nine months (long-term interscan variability) in a large study group including patients who are candidates for bronchoscopic volume reduction. Chong et al. (9) performed a similar study evaluating the short-term interscan variability after an interval of one week between two CT scans. The interscan variability reflects differences between subsequent scans in the same subject caused by scanner instability and physiological differences (e.g., inspiration level) (5). Our study focused on the intra-and interoperator variability of pulmonary volumes, which reflects differences between analyses on the same data performed by the same (intra-) or different (inter-) operator (5). Recently, Revel et al. (27) investigated the automated quantification of emphysema in patients with COPD. They compared the lobar emphysema scores obtained by refined segmentation with those by unrefined segmentation and evaluated the feasibility of the fully automated approach. Biases were negligible and the intervals of agreement of lobar volumes between the two approaches were in the range of ±7% to ±30%. We compared the intra-and interoperator variability of lobar volumes and emphysema scores obtained by manual segmentation with those by semi-automated segmentation with operator-dependent editing (comparison between variabilities of the two methods).
This study has several limitations. We assessed retrospectively CT examinations performed for clinical evaluation of emphysema, which does not routinely include dedicated calibration of the scanner for air and blood density (5) and monitoring of patient inspiration level. In addition, volume correction of lung densitometry was also not performed (29) . These factors did not influence our analysis of intra-and interoperator variability that included one CT examination per patient. However, we could not determine the inter subject variability in our study group. The study included only patients with COPD and no control groups, which means that potential differences of variability induced by emphysema were not determined. The measurements of variability were also not performed according to emphysema severity. Variants of fissure and lobar anatomy were not present in this patient series; therefore, no conclusion can be drawn in terms of differences of variability in presence of incomplete fissures and accessory lobes. A study in COPD patients with severe emphysema has recently shown that the interobserver agreement in visually detecting the presence of incomplete fissures can be reduced if the evaluation is performed by experienced radiologists (30) . Additionally, a method for investigating the completeness of pulmonary fissures has been proposed (13) . The semi-automated segmentation was evaluated using one software program. A difference in terms of volume between the automated segmentation and the semi-automated segmentation obtained after refinements was not available. Therefore, we are not able to provide an estimate of the error size of the fully automated technique. The variability of other CT measures of emphysema such as the 15th percentile point of lung density could not be assessed for differences between the two software programs. Comparison studies should also assess potential differences among different semi-automated segmentation techniques. Finally, an in vivo gold standard for determination of lobar volumes is not currently available. This factor did not influence the measurements of the variability of the lobar volumetry. However, to validate the accuracy of the technique, phantom studies should be performed.
In conclusion, semi-automated segmentation reduces the intra-and interoperator variability of lobar volumetry and provides a more objective tool to quantify lung volumes and severity of emphysema.
